A simplified model has been developed for on-line determination of sulphur and hydrogen contents in the steel during vacuum degassing in an ASEA-SKF ladle furnace at Ovako Steel in Hofors, Sweden. The simplified model was developed based on results from fundamental mathematical model simulations of hydrogen and sulphur refining for a number of cases representing normal production situations. More specifically, mass-transfer coefficients were determined from the simulations and thereafter used to develop separate simplified models for sulphur and hydrogen refining. Predictions from using the simplified process models agreed well with sulphur and hydrogen data from full-scale plant trials. It was therefore concluded that the main purpose of the study, namely to achieve a less time-consuming model suitable for production applications, was fulfilled. The final part of the paper presents how the simplified models can provide engineers or operators with off-line or on-line guidelines on performing the vacuum degassing operation such that quality requirements regarding sulphur and hydrogen contents in the steel product are met.
Introduction
Today, it is very difficult to take samples during the vacuum degassing operation in a typical ASEA-SKF ladle furnace. Therefore, a model would be of use for the operator to determine when to stop the treatment in order to reach the required hydrogen and sulphur contents in the steel. The authors earlier developed Computational Fluid Dynamics (CFD) models in which fundamental transport equations, turbulence equations, and thermodynamic equations were solved in order to simulate sulphur and hydrogen refining during vacuum degassing in a ladle furnace. 1, 2) The threedimensional fluid dynamics model takes 3 phases into account, i.e. steel, slag and gas (argon). Verification of the degassing model was carried out at Ovako Steel for both gas stirring and combined stirring using a ladle with two porous plugs.
2) Plant trials revealed that the modelling approach has the full potential to predict sulphur and hydrogen refining during degassing at a level of accuracy normally suitable for industrial practices.
The fundamental model is, however, far too computer-resource intensive to be used on line in production. This would be needed in order to provide operators with advice regarding process changes that should be made. Therefore, a simplified model has been developed for on-line control of sulphur and hydrogen content in the steel during vacuum degassing in the ladle furnace. In order to develop the simplified process model, a great number of model simulations with the complex CFD model were performed for a number of cases that represent normal production situations in the ladle furnace at Ovako Steel. The results from these model calculations were then used to calculate mass-transfer coefficients for each standard production case. A brief description of this method of developing a simplified model based on fundamental modelling results was recently presented at the Wolf Symposium.
3) The authors have not been able to find any publications in international journals reporting earlier utilisation of this method. From this perspective one can say that this is a novel approach, developing simplified models based on fundamental models to be used for process control.
In the first part of the paper, a short description of the fundamental mathematical CFD model of hydrogen and sulphur refining in an ASEA-SKF ladle furnace during vacuum degassing is given. Thereafter follows a detailed description of how a simplified process model for prediction of hydrogen and sulphur refining was derived based on the CFD simulations. Next, the verification results of the simplified process model are discussed. The final part of the paper provides examples of how the simplified models for hydrogen and sulphur refining can be used on-line as well as off-line in production.
Fundamental Mathematical Model
The three-phase mathematical model of a vacuum-degassed ladle takes into account the gas (argon injection), slag and steel phases. The layout of the model is shown in Fig. 1 . The model is based on fundamental transport equations and concentration equations for each of the dissolved elements. In addition, it is necessary to solve the thermodynamic equations related to sulphur and hydrogen refining. It is also necessary to provide information regarding thermodynamic properties such as activity coefficients and sulphide capacities as well as thermophysical properties such as slag and steel viscosities.
A short summary of the fundamental mathematical model is given below, together with a discussion on how the thermodynamics of sulphur and hydrogen refining are included in the model. A more extensive description of the CFD model can be found in earlier publications.
1,2) These publications contain more information and data concerning transport equations, property variations, boundary conditions and slag treatment.
Assumptions
The following assumptions have been made in the threephase model:
• The gas bubbles are introduced through two porous plugs located at the ladle bottom.
• The calculations are performed in a transient-solution mode.
• A static force field (independently calculated) is suitable for modelling the influence of the inductive stirrer.
• There are no temperature gradients at the start of a calculation.
• The dissolved elements are uniformly distributed in each phase at the start of a calculation.
• The slag depth is uniform and the slag composition is homogeneous at the start of a calculation.
• An interfacial friction coefficient is used to describe the force between the gas and the steel.
• The free surface of the slag/air interface is frictionless.
An allowance is made for the escape of gas bubbles at the interface.
• There are no reactions between liquid and gas within the slag phase.
Transport and Turbulence Equations
The following governing transport and turbulence equations need to be solved:
Transport equations
• Conservation of steel, argon and total mass • Conservation of momentum in all three dimensions for steel, slag and argon phases • Conservation of thermal energy for steel, slag and argon phases • Concentration equations for dissolved elements in each of the three phases
Turbulence equations
• Turbulent kinetic energy • Dissipation rate of turbulent energy
Thermodynamic Considerations
The thermodynamic considerations of sulphur and hydrogen refining within the present model have been published earlier.
1,2,4) However, the most important considerations are covered below in this report. Thermodynamic data such as the activity of alumina, sulphide capacities, interaction coefficients and Gibbs free energies are identical with the ones published earlier.
2) The calculations were made for a bearing-steel grade with the following component concentrations: 1.0 wt% C, 1.4 wt% Cr, 0.28 wt% Mn and 0.22 wt% Si. The aluminium content in the steel before starting the degassing operation was set to 0.065 wt% for the whole melt.
Sulphur Refining
Local thermodynamic equilibrium is expected to establish dynamically in the slag-metal mixing zone. In the present study, the desulphurisation of an aluminium-killed metal bath by a slag initially containing 53 wt% CaO, 32 wt% Al 2 O 3 , 7 wt% MgO and 8 wt% SiO 2 is considered. It has been assumed that the slag behaves like a liquid phase during the process and consequently solid-phase precipitation in the slag is neglected. This assumption allows for both the application of the sulphide-capacity concept in the model and formulation of the different oxide activities. In order to formulate the chemical process, the following simplifications have been made: 1. The sulphide capacity of the slag is constant for any given temperature during the ladle treatment. Changes in the concentrations of other dissolved elements are assumed to have minor effect on the transfer of sulphur from metal to slag. The first assumption may be justified by the fact that the slag composition does not change significantly during the sulphur refining period. As for the second assumption, it is reasonable to expect that reaction (1) is dominant in the bulk of the metallic melt, since aluminium is used as the deoxidiser and alumina particles are always found in the liquid metal. The steel bulk is here defined as liquid metal containing less than 1 % top slag (by weight). The assumption that changes in the contents of other dissolved elements, except for Al, O or S, have a minor effect on desulphurisation is based on the assumption that the concentra- (6) where a o and f s denote the activity of oxygen and the activity coefficient of sulphur in the liquid metal, respectively. K C4 and K C5 in Eq. (6) stand for the equilibrium constants of reactions (4) and (5), respectively. The equilibrium constants K C4 and K C5 are well established for liquid steel and can be found in the literature. 6) For any appropriate length of time step, a sufficient mixing of slag and metal at their interface will locally allow thermodynamic equilibrium to be reached before the end of the time step. If a o and f s at a given instant and at a given position in the slag/metal mixing zone are known, the partition of sulphur between the slag and metal can be evaluated at that position on the basis of the sulphide capacity of the slag using Eq. (6). However, a o , f s and the activity of aluminium, a Al , are all functions of the contents of the dissolved elements in the liquid steel. In order to deal with this, the dilute-solution model is applied to the liquid metal together with a separate transport equation for each of the dissolved elements. According to the dilute-solution model, the activity coefficient of element i where e i j represents the interaction coefficient of j on i. To sum up, for any given slag composition, measuring C S (T) makes it possible to calculate desulphurisation using Eq. (6) and first principles by a model which considers the slag phase, given the assumptions above. However, the concentration profiles for each of the dissolved elements Al, O and S must be known at each instant, meaning that a separate time-dependent transport equation needs to be solved for each of the dissolved elements in the metal and for sulphur in the slag as well.
Hydrogen Refining
During vacuum treatment, hydrogen is transferred between liquid metal and bubbles as well as between slag and liquid metal. While the argon bubbles provide a vacuum for hydrogen and carry it away, slag picks up hydrogen from the atmosphere and transfers it to the steel. A number of studies have been carried out to better understand the behaviour of slags in the hydrogen pick-up of steel. [7] [8] [9] It has been found that the dissolved hydrogen is independent of the partial pressure of H 2 in the gas phase, and depends only on the partial pressure of water vapour present. 7) In industrial practice, water is adsorbed by the raw materials of the synthetic slag, like limestone and dolomite. Although a great portion of the adsorbed water will be driven away during pre-melting of the slag, some water is dissolved in slag through the following reaction [7] [8] [9] :
It is well agreed upon that the solubility of hydrogen, or rather OH Ϫ , in a slag is proportional to the square root of the water vapour pressure. If the initial content of hydrogen in the slag was known, the slag/metal reaction regarding the transfer of hydrogen could be formulated using the partition coefficient for hydrogen. Unfortunately, it is very difficult to estimate the content of OH Ϫ in the slag for each ladle treatment heat, as this very much depends on the sources and history of the raw materials. In the present work, the effect of hydrogen content in the slag on hydrogen refinement is therefore not considered. However, it is noted that the partition of hydrogen between slag and metal could be far from thermodynamic equilibrium at the start of vacuum degassing, even though the degassing at Ovako Steel usually takes place 20 min after the addition of synthetic slag. A small amount of hydrogen could be transferred from the slag to the liquid steel during the degassing process.
The hydrogen pick-up by the argon bubbles can be considered to take place in three steps, namely the mass transfer of dissolved hydrogen in the liquid metal, the chemical reaction (9) at the surface of the bubbles, and the mass transfer of H 2 in the bubbles. At the temperatures used during ladle treatment, the chemical reactions are usually very fast. It can be expected that reaction (9) at the bubble/liquid interface occurs at a much higher rate compared to the hydrogen transfer in the liquid metal. Furthermore, if the mass transfer in the bubble is the rate-controlling step, given a certain hydrogen content, the rate of hydrogen refinement will be constant and irrespective of time.
5) Hence, it is probable that the mass transfer in the liquid steel is the rate-controlling process.
Based on the aspects mentioned above, the following model simplifications were made: 1. The gas is assumed to be ideal. 2. Thermodynamic equilibrium for hydrogen is locally established dynamically between the gas bubbles and the liquid metal in each calculation node under considera-
tion. 3. Thermodynamic equilibrium for hydrogen also prevails locally at the interface between the liquid metal and the bulk gas above the melt in the open-eye region. 4. In using Eq. (9), the hydrogen activity in the liquid metal is calculated using the dilute-solution model. 5. The transfer of hydrogen between the slag and liquid steel is not considered. 6. The mass transfer of hydrogen in the liquid metal controls the hydrogen refinement process. 7. In the calculation of the gas density, the gas bubbles are assumed to consist only of argon and hydrogen, as the contents of CO and N 2 in the gas phase are moderate and their molecular weights are at the same level as argon. The initial hydrogen concentration in the argon gas is calculated from the content of CH 4 by considering the following reaction:
CH 4 (gas)ϭCϩ2H 2 (gas) ................... (10) In order to calculate the thermodynamic equilibrium at a given instance for a given node, the standard Gibbs energy for reaction (9) reported by Engh 6) has been employed. According to Engh, 6) the standard Gibbs energy change for reaction (9) can be expressed as:
) ...... (11) where T l is the absolute temperature of steel.
Hence, the ratio of the hydrogen partial pressure in the gas phase, P H 2 , over the square of the hydrogen activity in the metal can be expressed as:
.... (12) where f H is the activity coefficient of hydrogen, [wt%H] is the hydrogen concentration and R is the gas constant. According to the dilute-solution model, f H can be expressed by using Eq. (7).
Method of Solution
The Phoenics commercial code was used to obtain the solutions to the governing equations, concentration equations, boundary conditions and source terms. It is a finitedifference code that uses the algorithm IPSA to solve twophase problems. 10, 11) The calculations were made in the transient-solution mode. A typical calculation that employed 1-s time steps and a 31ϫ31ϫ41 non-uniform grid required about 100 h of computational time on a Sun Enterprise 4000 with six 350 MHz CPUs.
Simplified Model for Process Control

General Equations for Refining Rates
Traditionally, the kinetics of the refining operation have been described by the boundary-layer theory. This theory assumes that a concentration boundary layer exists for the element that will be refined. If mass transport in the steel bath is the rate-limiting step for refining of a contamination element, the concentration boundary layer in the steel phase determines the refining process. On both sides of the concentration boundary layer, i.e. in the steel phase and in the refining phase (gas phase for hydrogen refining and slag phase for sulphur refining), perfect stirring conditions are assumed (homogenous concentration profiles) during the whole process. Based on these simplifications, the refining rate for a contamination element in the steel can be described by 12) : ........ (13) where x is the contamination element (S or H), k is the total mass-transfer coefficient, r is the steel density, M is the steel mass and [wt%x] is the concentration of the contamination element. The parameter [wt%x] e is the hypothetical concentration of the refined element in the steel phase in equilibrium with the current concentration in the refining phase. The interface area between the steel phase and the refining phase is specified as A.
One disadvantage with the model described by Eq. (13) is that coefficient k must be determined empirically. Furthermore, k depends on the prevailing conditions for each specific heat. For example, k varies with prevailing stirring conditions, slag weight, slag composition, temperature, etc. Sometimes the mass-transfer coefficient is expressed as (14) where D is the diffusivity for the refining element and d is the thickness of the boundary layer. Taking sulphur refining as an example, d depends on the position along the slag/metal boundary layer (approximately the distance from the wall to an open eye) and the velocity of the steel melt at this point. Therefore, it is very difficult to calculate a hypothetical d without knowledge about the fluid-flow conditions in each specific situation.
Sulphur Refining
The solution to Eq. (13) for sulphur can be written as follows:
wt%S t ϭ(wt%S 0 Ϫwt%S eq )e ϪkAt/V ϩwt%S eq ..... (15) where k is the mass-transfer coefficient for sulphur, A is the surface area and V is the volume of the steel melt. For all calculations the quotient V/A has been set to 2.3, which corresponds to the conditions at Ovako Steel. The value of V/A is set to 2.3 for both desulphurisation and dehydrogenation to render a consistent treatment for the parameter k in both Eqs. (15) and (22), although the value of A, thought of as the actual area for reaction, is different for desulphurisation and dehydrogenation. This means that the difference in the actual areas for hydrogen and sulphur refining will be embedded in the numerical value of k when this value is determined from the CFD model calculations. The term %S t is the sulphur content at treatment time t, wt%S eq is the sulphur content at equilibrium between steel and slag and wt%S 0 is the sulphur content at the start of the treatment. In this work, the thermodynamic equation system below has been solved to determine wt%S eq when calculating the mass-transfer coefficients for sulphur for each specific standard case. Equations (16) to (20) were also used to calculate the oxygen activity at each calculation node at the slag/metal interface. (l)ϩO ................... 14) However, the equations found in the literature 14) have certain limits regarding composition range and do not take temperature into account. Other thermodynamic data used in the calculation of %S eq can be found in earlier publications. 2, 15) For the sake of completeness, it should be mentioned that an alternative to determining wt%S eq is to use the following expression:
where L S is the equilibrium sulphur distribution between slag and metal and C S is the sulphide capacity of the slag for the studied slag composition and temperature. The variable a O is the oxygen activity in the steel and Y is the ratio of slag to steel by weight (slag weight/steel weight).
In this work, Eq. (21) and Eqs. (16) to (20) were used to determine wt%S eq . It was found that the best results were obtained when the thermodynamic equation system, Eqs. (16) to (20) , were used with the calculated analysis at the end of the treatment. Therefore, this approach was taken throughout the study.
Hydrogen Refining
The solution to Eq. (13) for hydrogen can be written as follows:
wt%H t ϭ(wt%H 0 Ϫwt%H eq )e ϪkAt/V ϩwt%H eq ..... (22) where k is the mass-transfer coefficient for hydrogen. In calculating the mass-transfer coefficient, the quotient V/A was set to 2.3, which corresponds to the volume/area ratio of the ladle at Ovako Steel. The deviation compared to the actual area for hydrogen refining will be embedded in the value of k when this parameter is determined from the CFD model calculations, compare Sec. 3.2. The variable wt%H t is the hydrogen content at the treatment time t, wt%H eq is the hydrogen content at equilibrium between the steel and gas and wt%H 0 is the hydrogen content at the start of the treatment.
wt%H eq is determined from the expression:
where T l is the absolute steel temperature and P H 2 is the partial pressure of hydrogen above the surface of the melt. P H 2 was set to the "lowest total pressure" when calculating wt%H eq in order to determine the mass-transfer coefficients for each standard case. From Eqs. (15) and (22), it can be deduced that if the parameters k (mass-transfer coefficient), wt%H eq and wt%S eq are known, the hydrogen and sulphur contents can be expressed through simple relationships only dependent on time for each specific production situation represented by the different standard cases. Calculations were made using data from simulations with the CFD model for each standard case mentioned earlier. The parameters wt%H eq and wt%S eq were determined using Eq. (23) and the thermodynamic equation system, Eqs. (16) to (20) , above.
Results and Discussion
CFD Simulations of Standard Production Cases
In order to develop a simplified process model, a great number of model simulations with the complex CFD model were performed for normal production situations from the ladle refining at Ovako Steel. These production cases are described below. Results from these model calculations were then used to calculate mass-transfer coefficients and equilibrium values for sulphur and hydrogen in contact with slag and gas, respectively, for each standard case. With this knowledge, traditional kinetic boundary layer theory was applied in order to in a fast and easy manner predict the sulphur and hydrogen contents in the steel as a function of treatment or refining time. The approach to introduce a process model is schematically described in Fig. 2 .
The model simulations were performed for a 100 t ASEA-SKF ladle furnace equipped with an electromagnetic stirrer (1 000 A, upward direction) and argon injection through two bottom porous plugs. In order to cover standard production, a high-carbon chromium bearing steel (1.0 wt% C, 1.4 wt% Cr, 0.28 wt% Mn and 0.22 wt% Si) was chosen for the simulations. The aluminium content in the steel before starting the degassing operation was set to 0.065 wt% for the whole melt. The initial slag composition was kept constant, as mentioned above, with component concentrations of 53 wt% CaO, 32 wt% Al 2 O 3 , 7 wt% MgO and 8 wt% SiO 2 . The FeO content before vacuum degassing is typically 0.5 wt% and was therefore assumed to have a minor effect on the results in this study. The steel temperature before degassing was 1 600°C.
Model simulations with these kinds of complex models are very time consuming. Because it took almost a week to perform one single simulation of a standard case, the number of parameters permitted to vary was limited within this study. The three parameters vacuum pressure, amount of top slag and argon gas flow rate, were considered to be the most important and were therefore varied in such a way that they addressed different normal production situations in the ladle furnace. The selection of these parameters was based on the experience of ladle-furnace operators as well as earlier modelling and plant studies performed at Ovako Steel. 2, 15) Results from one of these publications 15) revealed that slag composition to some extent especially affects the sulphur refining process. However, from a practical point of view, it is almost impossible in plant production to adjust the slag composition so precisely (0.5-1 wt%) that a resulting difference in the sulphur refining rate can be detected. Therefore, the decision was made to keep the initial slag composition constant for the model simulations in this work.
In order to later develop a simplified process model, the three parameters were varied as presented in Table 1 Ϫ3 bar (poor), the slag amount to "normal" or "normalϩ400 kg" and the argon gas flow rate through each of the two porous plugs was set to 10 L/min (low), 100 L/min (medium) or 175 L/min (high). Actually, the total number of model simulations were 36 (2ϫ2ϫ9). But, it is not realistic to perform the vacuum degassing operation with an insufficient argon gas flow rate (low) through both the porous plugs. Therefore, the cases having a flow rate through both porous plugs of 10 L/min were excluded.
The model simulations with the complex CFD model were later complemented by a calculation where the pressure in the vacuum chamber was lowered to 0.27 · 10 Ϫ3 bar. This simulation was done after modification of the vacuum pump in the plant which made it possible to reach pressure levels in the region of 0.27 · 10 Ϫ3 bar. Two calculations were also made where the temperature before degassing was changed from 1 600 to 1 555°C and 1 615°C to observe the effect of initial temperature on the removal of S and H. In order to study the effect of prolonged degassing (Ͼ25 min) on sulphur and hydrogen removal, yet three more calculations were made for a treatment time of 40 min. This had to be done since a prolonged treatment time affects the final steel temperature and slag composition, resulting in a changed mass-transfer coefficient. These additional six calculations are also presented in Table 1 (a total of 38 simulations).
Determination of Mass-transfer Coefficients
Based on Eqs. (15) and (22), the mass-transfer coefficient, k, for sulphur and hydrogen could be determined by making a plot of: ............. (24) where X is either sulphur or hydrogen content. If the expression kt is plotted as a function of time, the result should be a straight line, because k is expected to be constant. Thus, plotting the right hand side of Eq. (24) as a function of treatment time t makes it possible to determine the value of k as the time derivative (inclination) of the expected straight line. By doing that, the derivation from the pre-set value of V/A (ϭ2.3) will be embedded in the value of k, see Secs. 3.1 and 3.2. However, actually inserting the CFD calculated values of S and H into the right-hand side of Eq. (24) does not render a perfectly straight line, as can be seen in Fig. 3 . Therefore, an adoption of the line describing the product kt to the calculated values was done. Typical adoptions, or linear regressions, are also shown in Fig. 3 for S and H. More specifically, Figs. 3(a) and 3(b) illustrate the calculated value of (k · t) as a function of time for each element, i.e. sulphur and hydrogen. Here, a priori knowledge of the process should be used to make the line representing It should be noted that this investigation has focused on obtaining knowledge regarding the end of the refining process. That is why the straight lines have been drawn to coincide with the curve at longer treatment times. It is, of course, possible to let the straight line coincide with the simulation curve at shorter treatment times if the earlier stages of ladle refining are more of interest. Furthermore, it is possible to evaluate two or more different mass-transfer coefficients which pertain to different times of the vacuum degassing process. Thus, it would be possible to obtain better agreement between the results from the numerical simulation and the analytical model for the whole refining time on the expense of the complexity and flexibility of the process model.
Verification of the Simplified Process Model
The process model was verified through plant trials performed at Ovako Steel (see Tables 2 and 3 and Fig. 4) . In Tables 2 and 3 , process model results are also compared with CFD simulation results regarding prediction of sulphur and hydrogen contents during vacuum degassing. A comparison of results from these two models can also be seen in Figs. 5 and 6. In Table 2 , both predicted and measured sulphur and hydrogen values are given for 5 heats performed with combined stirring (gas stirringϩinductive stirring). The gas flow rate values given in Table 2 for the process model and the CFD model are those within the available range for the process model (Low: 10, Medium: 100, High: 175 L/min). Even if it was possible to use the real argon gas flow rates in the CFD model, as was done in the simulations presented in Table 3 , these values were fixed anyhow in order to be able to compare the results from the two models. However, it should be noted that this simplification results in a less good agreement between simulation results and plant data than possible to achieve. Table 2 . Process model verification against measured plant data and CFD simulations regarding sulphur and hydrogen removal for 5 heats (combined stirring). Table 3 . Comparison of simulation results from process model (combined stirring), CFD model (gas stirring) and plant data (gas stirring) for 2 additional heats.
In Table 3 , the process model is compared with plant trials and simulation results from the CFD model for 2 heats conducted with gas stirring only. However, the process model could only be used for combined stirring, since it was developed to simulate a process using combined stirring. Therefore, the comparison in Table 3 should only be looked upon as a test to evaluate the influence from electromagnetic stirring on the sulphur and hydrogen removal rates. For the simulation results in both Tables 2 and 3 , samples were taken and predictions were made at the start and at the end of degassing. For heats 1 and 2, the operation was interrupted after 3 min at vacuum pressure and an extra sample was taken. Heat data such as argon flow rates and vacuum pressure are also provided in these tables. Simulations and plant trials were performed with a normal slag amount and with the same steel and slag composition as was specified in Sec. 4.1. The process model results were generally in fairly good agreement with production plant data and simulation results from the CFD model regarding sulphur and hydrogen removal within the limits of what can be classified as a normal heat (see Table 2 ). Regarding hydrogen removal, Table  2 presents rather poor agreement between plant measurements and predicted values for heat No. 2 for both models after 3 min at vacuum pressure. In this case it was not possible to take a hydrogen sample and therefore a default total hydrogen value was set to 3.8 ppm (typical hydrogen value before degassing) in order to perform the simulations. This can be one explanation as to why the models predicted a © 2004 ISIJ Table 2) . too high hydrogen value in comparison to plant data only 3 min after starting the operation. In Table 3 , process model simulation results are compared to CFD results and measurements carried out with gas stirring only. As mentioned earlier, the simplified model simulates only combined stirring. But, it was also of interest to know how the use of the electromagnetic stirrer influences especially the hydrogen removal rate. The Table 3 information indicates that the process model with combined stirring predicts higher hydrogen contents for both the heats. One probable explanation of this result may be that the use of inductive stirring (1 000 A, upward direction at the wall) reduces the retention time for argon gas bubbles in the steel bath. Jauhainen et al. found that when combined stirring was used and the induction stirrer was working upwards, it took a shorter time for the argon gas bubbles to reach the surface compared to a case where the induction stirrer was working downwards and gas stirring was carried out simultaneously. 16) This results in less time for hydrogen to diffuse to the gas bubbles which renders a lower hydrogen removal rate. Regarding sulphur removal, as can be seen in Table 3 , there is almost no difference between measurements and CFD-simulation results performed with gas stirring only and process model results using combined stirring. The data from these two heats implies that the inductive stirrer does not contribute to the desulphurisation operation under the prevailing stirring conditions (Table 3) . Rephrased, the inductive stirrer does not appear to influence the hydrogen and sulphur removal processes in a positive way. However, effective removal of non-metallic inclusions during the degassing operation is greatly dependent on the use of the electromagnetic stirrer. 17, 18) In Fig. 4 , the deviation between model predictions and plant data after degassing is presented for heats 1-5. The resolution of the measured sulphur analysis is 0.001 wt% and the accuracy in the determination of the analysis is 0.0003 wt% 19) (LECO CS-244, ASTM 1019-94). The relative resolution for hydrogen is 0.01 ppm and the accuracy value is 0.05 ppm 19) (ESK method) which corresponds to a relative uncertainty of 4.3 %. If all heats were included, the average deviation for the process model would be 26 % and 12 % for sulphur and hydrogen, respectively. These values should be compared with 18 % and 13 % for the CFD model and with the relative uncertainty of 12 % and 4 % in the figures representing the measured values. It is worth noting that beyond earlier mentioned uncertainties the reproducibility of the sampling should be added which reflect the appearance of gradients in the melt. This sample is later compared with model predictions which represent an average value for the whole ladle.
However, results reveal poor agreement between predictions and measurements for heat No. 3 regarding sulphur and for heat No. 5 regarding hydrogen. For both heats 3 and 5, these results may be explained by uncertain argon gas flow rate values due to difficulties in measuring the flow rates through the porous plugs. Experience from the trials indicate that the argon gas flow rate have a greater influence on the sulphur refining process than the dehydrogenation process, which could be an explanation why a poor agreement is reached between predictions and measurement with respect to sulphur but not for hydrogen for heat No. 3. If heats No. 3 and No. 5 are excluded in calculating the average deviation for sulphur and hydrogen, respectively, the average deviation values are then 16 % and 8 % for the process model and 11 % and 6 % for the CFD model. These deviation figures are acceptable for a simplified process model in the light of the fact that simplifications such as a constant initial slag composition and fixed values for argon gas flow rates most likely also affect the hydrogen and sulphur removal rate to some extent.
In Fig. 5 , wt%S/wt%S 0 is plotted as a function of the vacuum degassing time in minutes. A comparison of the process model (analytical model) and model simulation with the CFD model (numerical simulation) with respect to sulphur removal indicates less agreement for treatment times shorter than 10 min. The sulphur content predictions, however, show better agreement for treatment times between 10 and 25 min. This is due to the way in which the mass-transfer coefficients were determined (see Sec. 4.2 above). In Fig. 6 , wt%H/wt%H 0 is plotted versus the degassing time in a similar way as for sulphur. A comparison of the process model and model simulation with the CFD model with respect to hydrogen removal indicates good agreement for treatment times of 6 to 25 min.
If the simplified model is to be applied for treatment times considerably longer than 25 min, a new mass-transfer coefficient value needs to be calculated. This is because the equilibrium values used in the calculation of mass-transfer coefficients are influenced by the final temperature and slag composition.
Use of the Process Model
The process model can be used as a tool to predict the sulphur and hydrogen content in the steel either on-line by operators in the plant or by engineers in further developing the refining operation. To be able to initialise a model calculation, the user needs to provide the model with appropriate heat data such as:
• Argon gas flow rates (for each porous plug) • Top slag amount (synthetic slagϩcarry-over slag) • Steel temperature • Vacuum pressure • Sulphur and hydrogen contents (in the steel)
The calculation is performed in less than a second and the user receives information about sulphur and hydrogen removal as a function of treatment time under the stated conditions. In Fig. 2 , a calculation sheet for an on-line calculation with the simplified process model is shown. As mentioned previously, the model can be used on-line (dynamic modelling) or off-line (static modelling).
• On-line (Dynamic Modelling) Process-model guidelines help the operator to choose the appropriate measures that will ensure that required quality specifications are met for the steel grade after the degassing operation. If, for example, predictions show that the limits for S and H will be reached in a shorter amount of time than normal, the operator can choose to decrease the vacuum treatment time. This action results in earlier ingot casting or more time for inclusion removal regarding continuous casting. Especially if the operator is new and has little experience, some guidelines on performing the vacuum de-gassing operation can be valuable in tricky situations.
• Off-line (Static Modelling)
An engineer may utilise the information from the model to test new ideas or ways to perform the degassing operation in order to speed up the process or improve steel cleanness. One task for off-line simulation arises when planning for a new steel grade. The model can determine if operational parameters need to be set differently to maintain final sulphur and hydrogen contents within specification limits. Predictions indicating that limits for S and H will be reached in a shorter amount of time than normal can result in casting being carried out sooner with ingot casting, or more time for inclusion removal in the ladle furnace with continuous casting.
Motives for Developing a Process Model
The most important motive for developing a process model is to avoid the alternative, i.e. time-and cost-consuming plant trials. Performing plant trials requires taking numerous steel and slag samples. Conducting the subsequent different chemical and microscopic sample analyses very often takes a lot of time and is expensive. Furthermore, full-scale plant trials can also involve a certain amount of risk for plant personnel. Model simulations can be a powerful complement to plant trials in developing the refining operation.
Conclusions
In this investigation a process model was developed for on-line prediction of sulphur and hydrogen removal during vacuum degassing in the ladle furnace at Ovako Steel. The following conclusions have been drawn from the work.
• The main purpose of the study was fulfilled, namely to develop a less time-consuming model suitable for production applications.
• A comparison between the process model and CFD model results revealed good agreement for sulphur removal between 10 and 25 min and for hydrogen removal between 6 and 25 min.
• Verification trials indicate that process model predictions generally are in fairly good agreement with production plant data regarding sulphur and hydrogen removal within the limits of what can be classified as a normal heat.
• The average deviation between model predictions and plant data after degassing was 26 % and 12 % for sulphur and hydrogen contents, respectively, for the process model which can be compared with 18 % and 13 % for the CFD model with gas flow rates set to closest production cases. The corresponding measured figures for sulphur and hydrogen are given a relative uncertainty of 12 % and 4.3 %, respectively.
• Results indicate that combined stirring, in comparison with gas stirring, renders lower hydrogen removal rates. One reason for this may be that the use of inductive stirring reduces the retention time for argon gas bubbles in the steel bath which in turn reduces the time for hydrogen to diffuse to the gas bubbles, resulting in a lower hydrogen removal rate.
• On-line simulations: the process model can be used to determine if final specification limits will be met or not, thus during production providing operators with information that helps them select appropriate adjustments to the process to meet specified requirements.
• Off-line simulations: the process model can be used to determine if other operational parameters need to be set differently in order to keep final sulphur and hydrogen contents within specification limits. The simplified process model has been employed at Ovako Steel for a couple of years, both on-line in the steel plant and by engineers working on further development of the ladle refining process. Precisely how the model has been used in optimising desulphurisation and dehydrogenation during vacuum degassing at Ovako Steel will be covered in another publication by the authors. 20) 
